Introduction
Therapeutic antibodies are considered as the fastest-growing class of proteins which are successfully administered in diagnosis and treatment of various diseases namely cancer, autoimmune disorders, inflammation, allergy and infectious diseases. 1, 2 Several antibodies have been formulated in the liquid dosage forms whereas these proteins are prone to stress factors. Consequently, high-cost cold chains should be ensured for maintaining liquid dosage forms. 3, 4 Moreover, temperature fluctuation and shear stresses are the most common problems may occur during shipping and storage which directly affect the stability of liquid biopharmaceuticals. 5 Therefore, formulation of antibodies with preserved stability during preparation, transportation and shelf time storage is of crucial importance. 6 During the past two decades, numerous attempts have been devoted to develop dried pharmaceutical formulations and several drying techniques such as freeze-drying, spray-drying, spray-freeze drying and foam-drying have been evaluated to overcome this issue. 7 Amongst the mentioned techniques, freeze-drying or lyophilization is the most popular and commonly used method in pharmaceutical industry. 8 Ice crystallization and increasing the concentration of solute lead to major challenges in proteins such as aggregation, fragmentation and
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Background:
Although the stabilizing effects of cyclodextrins (CDs) on the liquid protein formulations have been proven, there is no comprehensive data on evaluation of their effects on the lyophilized antibody powders. In this study, the influence of two CD derivatives namely beta-cyclodextrin (βCD) and hydroxypropyl beta-cyclodextrin (HPβCD) was compared with trehalose and mannitol regarding the molecular and thermodynamic stability of lyophilized IgG formulations as well as its biological activity. Methods: Sugars were separately added to IgG solutions and lyophilization process was conducted. In each group of carbohydrates, the formulations with lowest amounts of aggregates were examined regarding the biological activity. The storage stability of selected formulations was subsequently determined following 1 and 3 month of storage at 45 °C. Results: Trehalose and HPβCD in the ratios of 80% showed the most stabilizing effects by control of aggregated forms in the orders of 1.02% and 0.83%, respectively. Also, it was shown that trehalose and HPβCD could incomparably preserve IgG activity in values of 100% and 96.5%. The results of DSC and SEM analysis confirmed the existence of crystalline parts in mannitol and βCD formulations of antibody. During the storage time, the lowest rate constant of aggregation was observed in formulations containing trehalose 80% (0.16/month). All prepared formulations were beta-dominant and no fragmentation was detected. Conclusion: Molecular, thermodynamic and biological stability of lyophilized IgG was more desirable in the presence of trehalose and HPβCD in comparison to mannitol and βCD. conformational alterations. 9 Pharmaceutical excipients, particularly sugars, enhance the stability of proteins during both lyophilization process and/or storage time. 10, 11 Two hypotheses have been suggested to explain the protective effects of sugars. The first opinion describes the ability of sugar molecules to form hydrogen bonds, like water molecules, in the dry state. 12 Another one discusses formation of amorphous, rigid and neutral matrix by sugars that decreases the molecular mobility of antibodies during drying. 13 Mannitol is a well known sugar that has been repeatedly applied as a bulking agent to create elegant cake and several studies have confirmed that amorphous mannitol can stabilize lyophilized proteins. 14, 15 Additionally, trehalose as a nonreducing disaccharide has been proved a prominent stabilizer due to its ability to form effective hydrogen bonds with proteins in the absence of water. 16 Cyclodextrins (CDs) as circular oligosaccharides are the other category of sugars which are proposed to decrease aggregation of proteins. 17 Some reports have claimed that hydroxypropyl beta cyclodextrin (HPβCD) could enhance short-term stability of lyophilized proteins even more than trehalose, sucrose and dextran. 18, 19 The impact of CDs as aggregation inhibitors for enzymes and various proteins has been thoroughly studied in liquid state; 20, 21 however, very few studies have investigated the effect of CDs on the stabilization of lyophilized antibodies. The aim of the present study was to assess the impact of a parent CD (βCD) and HPβCD on the stability of lyophilized-IgG as a model antibody. Furthermore the efficacy of these derivatives was compared with mannitol and trehalose regarding antibody' secondary structure, biological activity, particle properties and amount of induced aggregates immediately following process and upon storage time.
Material and methods
Materials
Human polyclonal antibody-IgG (~150 kDa) was supplied by Kedrion (Italy). Potassium phosphate dibasic, trehalose dehydrate, mannitol, disodium sulfate and coomassie brilliant blue were purchased from Merck (Germany). HPβCD was provided by Acros Organics (Belgium) and βCD was obtained from Sigma Aldrich (USA). Ladder for SDS-PAGE was purchased from CinnaGen (Iran).
Preparation of antibody solutions and freezedrying
Primary aqueous solutions of antibody were prepared through dialysis of human IgG to a final protein concentration of 50 mg/mL. Sugars namely trehalose, mannitol, βCD and HPβCD were separately added to IgG solutions. All prepared solutions were passed through a 0.22 μm filter just before freeze drying process. The prepared solutions were frozen at -20 o C for 24 h. Lyophilization cycle was conducted applying lab scale freeze-dryer (Christ, Germany) by primary drying at -50 ºC and 0.01 mbar vacuum for 24 h as well as secondary drying up to 25 ºC and 0.01 mbar for 24 h.
Fourier transform infrared spectroscopy (FTIR)
Infrared spectra were provided using a Nicolet Magna spectrometer (USA) at room temperature. About 2 mg of lyophilized powders were mixed with 200 mg KBr and then compacted under pressure of 6-7 T, applying a carver press. The amide I region (1600-1700 cm −1 ) of spectra was analyzed using Jasco Spectra Manager ® software (Japan) and curve fitting was performed by a mixed Gaussian/Lorentzian function.
Size exclusion high performance liquid chromatography (SEC-HPLC)
SEC-HPLC was employed to quantify the induced soluble aggregates. The chromatographic system consisted of a pump (Jasco, USA), a UV detector (Jasco, USA) at 280 nm and a TSK 3000 SWXL column (7.8mmx30cm, Tosoh Biosep, Germany). The mobile phase included 0.1 M sodium sulfate and 0.1 M disodium hydrogen phosphate di-hydrate which was adjusted to pH of 6.8 by phosphoric acid 85%. Flow rate of 0.5 mL/min was applied to inject 20 µL of filtered solution containing 2.5 mg/mL of IgG solution. Experiments were performed in triplicate.
Scanning electron microscopy (SEM)
The surface morphology and particle size of selected lyophilized samples were evaluated by scanning electron microscopy (Philips, The Netherlands). Powders were attached on carbon tape on the aluminum SEM stub. Then samples were sputtered with gold and the related images were taken at an accelerating voltage of 25 kV.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Non-reduced SDS-PAGE analyses was used to evaluate the integrity of lyophilized antibody following the process. The 10% polyacrylamide gels were prepared to load 50 μg of IgG, based on the Laemmle method. Samples were incubated with N-ethylmaleimide (NEM) to inhibit the reduction before loading. The applied conditions for running gels were 20 mA for 2.5 at 100 V. Coomassie blue solution of 0.1% was used to stain the gels. Molecular weight markers included 11,17, 25, 35, 48, 63, 75, 100, 135 and 180 KDa as standards.
Enzyme-linked immune sorbent assay (ELISA)
ELISA was employed utilizing polycolonal antiIgG antibody. ELISA has been proved as a method with high sensitivity and specificity to determine the total IgG in preliminary tests. Nunc Maxisorp microwell plates (Denmark) were applied for running tests.
Differential scanning calorimetry (DSC)
Thermal behavior of the lyophilized formulations was analyzed using DSC instrument (Mettler Toledo, Switzerland). About 10 mg of lyophilized powders and pure excipients were transferred in aluminum pans to create sealed samples with sample encapsulation press. The applied temperature protocol was designed from 10 ºC and heated to 300 ºC with a scanning rate of 10 ºC/min.
Storage stability
In order to assess the stability of lyophilized formulations with/without excipient, sealed glass vials were stored under accelerated conditions, 40±1ºC for 1 and 3 months, separately. Powders were subsequently analyzed by SEC-HPLC to be evaluated in terms of formation of soluble aggregates during storage time. The kinetic of aggregation for each formulation was also calculated.
Results and Discussion
Various stresses in freezing step and dehydration phases are considered as the main challenges during lyophilization process .22 Carbohydrates are the most applicable stabilizers of lyophilized peptides and proteins. Among them, trehalose and HPβCD have been repeatedly studied as protein stabilizers. 23, 24 On the other hand, application of mannitol and βCD for stabilizing the lyophilized proteins is a matter of controversy. 25 In the current research work, the lyoprotection efficacy of four carbohydrates was compared with each other to provide stable lyophilized antibody formulation. The effects of excipients on the particle properties, molecular, structural and biological stability of IgG (as a model antibody) were monitored after lyophilization process as well as storage period. Figure  1 . Analysis of IgG/ trehalose and IgG/ HPβCD formulations revealed that increasing the amount of excipients was associated with decrease in aggregation level. To further elucidate, the least amount of aggregates was detected in formulations containing 80% trehalose and HPβCD (1.02 and 0.83%, respectively). However for mannitol and βCD, the results were different. The most stable formulations of antibody were resulted in the presence of 60% mannitol and 70% βCD ( Table 1 ). Sugars protect proteins against aggregation through various mechanisms namely stabilization by vitrification, glass dynamics and water substitution mechanisms. 26 The higher efficacy of trehalose and HPβCD in suppressing IgG aggregation would be rationally the result of their ability to form more effective hydrogen bonds with protein in the absence of water. Based on some previous studies, HPβCD was less efficacious in comparison to trehalose in protection of lyophilized peptides and proteins. 27, 28 However in the current study the amount of induced aggregates immediately following process was lower in the presence of 80% HPβCD. Likewise, the result of an earlier investigation demonstrated that either HPβCD or trehalose at same concentration could equally stabilize IgG monoclonal antibody within supercritical fluid processing. 29 It could be assumed that less protection efficacy of mannitol and βCD for antibody could be attributed to the partial crystallization and less solubility, respectively.
Stability
30
FTIR-spectroscopy FTIR analysis is considered as a frequently applied method to study the secondary conformation of peptides and proteins. Based on several performed investigations, IgG is a beta-dominant protein (more than 66% beta-sheet content). 31 The band components at the wavelengths of 1639, 1691, 1613 and 1621cm -1 are related to beta-sheet conformation (Figure 2) . The calculated beta-sheet content of antibody formulations is presented in Table 2 . 
ELISA assay
Formulations containing the minimum amount of aggregation and preserved conformation were selected for ELISA assay. The results showed that in the presence of carbohydrates (at appropriate ratios) the activity of antibody was better protected in comparison to the pure antibody (Figure 3 
SDS-PAGE analysis
Selected formulations were characterized by SDS-PAGE regarding the fragmentation and the result is demonstrated in Figure 4 . The observed band at 150 KDa is indicative of intact IgG and as it is clear, all lyophilized formulations were structurally preserved in the presence of applied carbohydrates similar to that of pure antibody. These results proved that neither lyophilization condition nor presence of carbohydrates degraded IgG molecules and there was no sign of fragmentation in the downward regions.
Stability of IgG following 1 and 3 month of storage
Although short-term stability of lyophilized proteins is considered as the key element in preparation of appropriate formulations, desired storage stability is also crucial for predicting protein shelf life as well as selecting the best excipients. Since aggregation is considered as the major stress factor which influences antibody' stability, 33 the selected formulations with appropriate short-term stability profile were characterized considering amount of aggregation following 1 and 3 month of storage at 40 ºC ( Table  3) . As it is shown, pure antibody consisted of 14.81 and 47.24% soluble aggregate following 1 and 3 month of storage at 40 °C. The existence of all carbohydrates significantly protected antibody against aggregation during storage. Formulations containing HPβCD and trehalose showed the minimum amount of aggregation, while βCD provided the least stabilizing effect on IgG lyophilized powder. The rate of aggregation was separately modeled by both zero and first-order kinetics. The kinetic of aggregation reaction in all formulations was fitted to first-order model. As it is demonstrated in Table  3 , the rate constant of aggregation related to pure IgG was 0.22/month. This parameter was decreased to 0.16 and 0.17/month in the presence of trehalose and HPβCD, respectively.
Thermal behavior of lyophilized IgG powder
DSC analysis was performed to investigate the powders amorphous/crystalline state. The results are exhibited in Figure 5 . IgG-trehalose remained fully amorphous (Figure 5a ), while pure trehalose consisted of two endothermic peaks at 190 and 220 °C indicative of the crystalline part of the powder (Figure 5f ). IgG-βCD formulation composed of a minor endotherm at 110 °C (Figure 5b ), similar to that one for pure βCD (Figure 5g) . Combination of IgG and HPβCD (Figure 5c ) as well as pure HPβCD (Figure 5h ) were completely amorphous in nature without any observable endotherms. IgGmannitol mixture had a clear endotherm at 170 °C which showed the crystalline pattern of this composition (Figure 5d ). It is also worth noting that pure mannitol was mainly crystalline with sharp endotherm at 175 °C (Figure 5e ). Pure IgG was remained amorphous following freeze drying as was previously reported (Figure 5i ). Some studies revealed the ability of mannitol to stabilize lyophilized antibodies. 34 Furthermore, addition of mannitol to spray-dried humanized antiIgE monoclonal antibody effectively decreased aggregate level. 35 The proposed mechanism for these studies was related to the amorphous nature of mannitol. On the contrary, some other studies proved that crystal formation during lyophilization of proteins is regarded as the major cause of destabilization by mannitol. 36 Present study confirmed the fact that crystallization of mannitol not only decrease its short-term stabilizing effect but also increase the rate of aggregation following storage compared to other carbohydrates.
Morphology of lyophilized IgG powder
The morphology of stable formulations was visualized through scanning electron microscopy. Pure IgG was composed of similarly pin-like structures with smooth edges (Figure 6a ). Powders displayed different morphologies depending on the carbohydrate content. Trehalose containing powders composed of thin plates with unordered structure which confirmed the amorphous structure of these particles (Figure 6b ). In the case of IgG-mannitol formulation, the morphology exhibited a regular thin plates and flaky structure which is in agreement with DSC data (Figure 6c ). Presence of βCD caused the formation of large thick plates with unordered morphology (Figure 6d ). IgG powder consisting of HPβCD presented amorphous appearance which did not follow any defined shape (Figure 6e ).
Conclusion
The influence of mannitol and trehalose was compared with two CDs derivatives namely HPβCD and βCD on the molecular, structural and biological activity of lyophilized IgG. All carbohydrates preserved native conformation of antibody. Although the presence of 80% HPβCD incomparably stabilized IgG molecules, the best biological activity as well as the least rate constant aggregation was observed in trehalose containing formulation. Inability of mannitol in suppressing aggregation was attributed to its crystallization. Both solubility problem and partial crystallization were accounted for least stabilization of βCD.
Conflict of interests
The authors declare that have no competing interests.
